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EVALUATION

The significance of this report is that it documents a milestone
in a program to study the application of acoustic surface wave technology
to cost-effective implementation of wideband signal rocessing functions.
The report presents the implementation of an origina; RADC concept for
the generation of coherent frequency hopped/pseudo-noise waveforms by
using acoustic surface wave multiple tap delay lines. Such a signal
structure has been determined to be required for the multipurpose
communication system--providing ranging, addressing and protected
communications. The implementation, as described, bears out the
original thinking that the acoustic surface wave approach is much
simpler than conventional approaches. While reducing the complexity
of such synthesizers, the measured performance of the technique shows
that the high degree of coherency required betw:een units is still
achieved. The report presents detailed design information for
fabricating the synthesizers and the results of the performance
tests.

NRYý H, 'roject Engineer

vi



SECTION I

INTRODUCTION

2 The objective of the Coherent Frequency Synthesizer Techniques Study is to
L apply acoustic surface wave technology to the problem of generating coherent

frequency-hopped/pseudo-noise waveforms. A great deal of study has been per-
formed in recent years iegarding the characteristics of waveforms required for
multipurpose communications systems. The results of these 3tudies indicate
that the preferred waveforms should take the form ot r.:ideband signals composed
of pseudo-noise modulated bursts of RF that hop about in frcquency and which
are coherent from burst to burst. Properly implemented, suca a waveform would
have the capability of providing multiple access to users in a communication
system inte Jed for simultaneous communications, navigation, and IFF.

A key element in such a communications system is the wavefor'- generator
(i.e., frequency synthesizer). This generator is required at the transmitting
end of the system in order to generate the basic frequency-hopped/pseudo-rnoise
(FH/PN) waveform. It is also required az the receiving-end of the system in
order to provide a reference signal used for demodulation of the information
transmitted by the communications link. The coherency of the signal generated
by such a synthesizer (i.e., its predictability) is an important characteristic,
because the coherency between the transmitted and -efrence signals is a main
factor in determining the detection efficiency of the demodulation process. It
also affects the accuracy possible in the navigation (rangingj process.

Conventional implementations of coherent frequency-hopping/psnudo-noise
synthesizers generally require the use of complex frequency multiplication ond
division techniques, mixing and filtering processes, and the generation of
pseudo-noise binary sequences at a fairly high clock rate. The application of
acoustxc surface wave technology to the problem of generating the desired FH/
PN waveforms allows the majority of the RF signal generation and pseudo-noise
modulation processes, as well as the generation of the PN modulation sequences
to be directly performed on the surface of acoustic surface wave devices,
greatly reducing synthesizer complexity. Furthermore, by the proper choice
of surface wave device materials and prudent electronic design, it is possible
to fabricate synthesizers which maintain a high degree of mutual coherency.



SECTION II

SUMMARY

This report describes the design features and operating characteristics
of a pair of coherent FH/PN synthesizers which employ acoustic surface wave
tapped delay lines to generate a 40-Miz bandwidth pseudo-noise modulated wave-
form. Each synthesizer generates the waveforms by pseudo-randomly exciting a
set of four surface wave device signal generators and summing the resultant
outputs. The surface wave devices are designed for 40, 50, 60, and 70-MHz
center frequencies and each surface wave device produces an impulse response
which is comprised of a 40, 50, 60 or 70-MHz carrier biphase modulated with
a 127-chip maximal length PN code. The PN code is modulated onto the carriers
at a 10-MHz chip rate and, therefore, the signals produced by each surface wave
device occupy a 10-MHz bandwidth. As a result, the summed output of the four
surface wave devices occupies a 40-MHz bandwidth.

The syrthesizers provide two modes of operation. The first mode (Mode I)
produces a continuous out'put signal consisting -f successive surface wave de-
vice impuie responses with each impulse response lasting 12.7 microseconds.
The second mode of operation (Mode II) produces a 12.7-microsecond surface
wave device impulse response once every 6 milliseconds. in both modes of
operation, the synthesizers maintain a relative phase coherency within 18
degrees RMS of perfect (zero degrees) phase coherency at ambient tem •:ure.
For a 30 0 C temperature difference between synthesizers, the relative phase
coherency degrades to approximately 22.5 degrees RMS.

The design techniques employed to obtain this degree of coherency and the
methods employed to measure coherent,, are described in detail in this report.
Specific recommendations are presented that discuss the incorporation of band-
pass filtering, the use of an advanced quadriphase modulation technique, and
the use of switchable taps on a multifunction surface wave device.

2



SECTION III

RATIONALE FOR SURFACE WAVE DEVICE IMPLEMENTATION OF SYNTHESIZERS

This development was undertaken with the objective of utilizing the non-
dispersive delay and multitap capabilities of the acoustic surface wave tapped
delay line (SWTDL) to simplify implementation of a coherent frequency-hopped/
pseudo-noise synthesizer. A frequency-hopped/pseudo-noise (FH/PN) signal con-
sists of a train of finite-length phase-modulated RF signal segments, each with
a relatively wide bandwidth (typically 2 to 20 MHz).

In this particular case, each frequency segment consists of an RF carrier
that is biphase modulated by a pseudo-random sequence. The composite signal
is hopped in frequency in a pseudo-random manner. In addition to the pseudo-
noise modulation and frequency-hopping characteristics of the composite wave
form, the coherent FH/PN waveform has the characteristic that the relative phase
of any one segment of the waveform is uniquely and predictably related to the
relative phase of any other segment of the composite waveform.

The three characteristics of the composite waveform (frequency hopping,
pseudo-noise modulation, and coherency) combine to provide mutually desirable
attributes in a multifunction communication system. The frequency hopping pro-
vides resistance to narrowband and strong multiuser interference. The pseudo-
noise modulation provides a degree of protection from intentional jamming,
a convenient method of implementing correlation range determination, and good
multipath interference rejecticn. Waveform coherency provides a significant
improvement in range determination and also allows a communication system imple-
mentation that can approach the theoretical limits on detection efficiency.

1. CONVENTIONAL IMPLEMENTATION

Conventional techniques are available to implement coherent FH synthesizers
and these can be used with shift register-generated PN sequences to synthesize
coherent FH/PN signals. in many instances, however, the resulting implementation
is not compatible with the faster hopping rates (75 kHz and above) nor with
higher PN modulation rates (20 MHz and above).

A typical coherent FH/PN synthesizer implementation is shown in Figure 1.
A stable master oscillator operating at 55-MHz is divided by 11 to provide a
5-MHz signal that is mixed with the 55-MHz signal. This produces a spectrum
centered at 55 MHz with spectral lines every 5 MHz above and belc;: 55 MHz.
The spectral lines are filtered by narrowband crystal filters centered at 40,
50, 60, and 70 MHz. The 5-MIz signal obtained by dividing the 55-41z oscillator
by 11 is doubled to 10 MFz and applied to four feedback shift registers, each
of which produce different 127-chip maximal length pseudo-random sequences. The
four PN sequences are biphase modulated onto the filtered 40, 50, 60, and 70-MHz
signals producing four phase shift keyed signals. Each occupies a 10-MHz band-
width because of the 10-MHz PN modulation rate.

3
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Figure 1. Conventional FH/PN Synthesizer Implementation

The modulated 40, 50, 60, and 70-MIz signals are filtered and applied to
RF gates which are activated one at a time by a frequency-hop sequence genera-
tor. The frequency-hop sequence generator selects the mcdulated 40, 50, 60
or 70-Mhz signals pseudo-randoml), thus making the frequency-hopping pseudo-
random. The synthesizer output is coherent, since all frequencies and modulat-
ing signals are ultimately derived from the stable 55-40z oscillator.
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This synthesizer implementation is fairly complex as it requires frequency
multiplication and division, the generation of four pseudo-raidom sequences at
a fairly high (10 Mfz) clock rate, crystal filtering of four different tones,
and broadband mixing and filtering of the modulated 40, 50, 60, and 704-fz sig-
nals. Less obvious (but nonetheless important for coherent operation) are
the requirements of mutual synchronization between the four 127-chip PN sequence
generators and the divide-by-li and divide-by-127 circuits. These synchroni~a-
tion circuits are not indicated in Figure 1, but they are required in order to

f produce a predictable (and coherent) synthesizer output.

2. SURFACE WAVE TAPPED DELAY LINE CHARACTERISITCS

The coherent FH/PN synthesizer can be implemented using surface wave tap-
ped delay lines (SlWTDL's) as the signal generators. With this in mind, a brief
discussion of surface wave devices is in order. Acoustic waves can be generated
on the surface of any solid at frequencies extending into the gigahertz range.
They propagate with no substantial frequency dispersion or attenuation, parti-
cularly on single-crystal materials. On a piezoelectric material, direct RF-
to-acoustic conversion is obtained by applying electrical signals to thin
film conductors deposited on a polished surface. An electrical impulse applied
between thin film conductors on a piezoelectric substrate gives rise to a
mechanical stress which propagates as a surface wave along the length of the
substrate at approximately 3 microns per nanosecond.

This traveling wave has an electric field associated with it which extends
outward from the surface. As the traveling wave propagates beneath pairs of
adjacent conductors in an output transducer, it induces a voltage pulse between
the conductors. These voltage pulses can be summed to provide a periodic out-
put signal with a frequency dependent upon the wave velocity and conductor
spacing, and a signal duration dependent upon the total number of conductors.

By properly arranging the conductors of an output transducer, phase rever-
sals can be made to occur in the output signal so that a biphase-modulated
signal is generated. (The phase reversals are obtained by reversing the order
of the conductors in the output transducer.) If the phase reversals are arrang-
ed in a pseudo-random sequence (see Figure 2), the resultant output signal is
PN modulated. Using surface wave devices with different center frequencies
(and with different PN codes if desired), a FH/PN waveform can be synthesized
by impulsing the surface wave devices in a pseudo-random sequence.

3. SURFACE WAVE DEVICE IMPLEMENTATION

The basic implementation of a coherent FII/PN frequency synthesizer employ-
ing surface wave devices is shown in Figure 3. A master clock provides a tim-
ing reference for the synthesizer and operates a frequency-hop sequencer. The
frequency-hop sequencer controls pulser circuits used to excite four surface
wave devices in a pseudo-ra:Jom sequence. The surface wave devices produce
signals that are centered at 40, 50, 60 or 70 Miz which are biphase modulated
at a 10-megabit/second rate by 127-chip maximal length binary (PN) sequences.
These signals are filtered, amplified, and summed to provide the composite F}l/
PN waveform. As is the case in the conventional synthesizer implementation, the
composite waveform is coherent, since it is directly determined by tne master
clock.

5
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Figure 2. Surface Wave Device Signal Encoder

A comparison of this implementation with the conventional implementation
1 reveals that the need for high-frequency divider, multiplier and synchronization

circuits, crystal filters, balanced modulators, and high-speed PN sequences
generators, is eliminated as all of these functions are performed simulta-
neously on the surface of the SWTDL substrates. Moreover, these functions are
performed on a compact and ,rugged device-that lends itself to potentially low
cost and repeatable high-volume production.
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SECTION IV

5•'TiSIZER DESIGN PART ICLRS

S!. GEE IAL OPERTION

The two synthesizers are referred to as synthesizer No. I and
synthesizer No. 2 in this repcr-t. Although the techniques used to generate
the Fd/P.N output signals are identical in both synthesizers, there are slight
differences in the synchronization circuitry between the synthesizers and,
hence the synthesizer No. 1, synthesizer No. 2 distinction is nade.

Synthesizer No. 1 nay be considered as the "transmitting" synthesizer.
In addition to its FH/PN output, it produces PN frequency-hop, pulser clocK
and system clock synchronization signals. Synthesizer No. 2 nay be considered
as the "receiving" synthesizer. It produces a Fii/PN ouitput sinilar to that of
synthesizer No. 1. In addition, it accepts the PS freuuency-hop, pulser clock
and system clock synchronization signals from- synthesizer No.1 and uses these
signals to synchronize its FH/PN output with the FHI/PN output from synthesizer
No. 1. The techniques used to achieve synchronization are discussed in greater
detail later on in this report.

A functional block diagra of synthesizer No. 1 is shown in Figure 4 and
a similar block diagram of synithesizer No. 2 is shown in Figure 5 to illustrate
FH/PN and s)nch-onization sigral flcw paths. Referring to Figure 4, a 10-,ilz
clock is generated by an oveii-stabilized 0-.41z crystal oscillator. The
oscillator produces a TTL logic compatible square wave which is fed to a
frequency-divider circuit. The frequency-divider circuit divides the 10-.Olz
clock by 127 for Mode I (continuous output) operation, and by 60,000 for Mode
II (6-1illisecond periodic) ope- -tion. The resultant output of the freqaency-
divioer circuit is select-d by tne Mode switch, (switch SI) depending upon the
mode of operation of the synthesizer. The selected output will hereafter be
referred to as pulser lock.

a. Mode I Operation

In Mode I operation, the divide-by-127 output of the frequency divider
circuit is selected for pulser clock. In this mode, pulser clock is
an approximately 100-nanosecond wide pulse with a 12.7-microsecond
period, (78.7401 kHz repetition rate). Pulser clock is fed to the
frequency-hop sequence generator and the frequency-hop sequence
generator develops the pseudo-random frequency-hopping sequence.
The frequency-hopping sequence is synthesized from a 63-chip maximal
length pse.do-random code generated by the frequency-hop sequence
generator and is clocked at the 78.7401 ktlz pulser clock repetition
rate.

The frequency-hop sequence generator produces four SWTDL enable
signals corresponding to the 40, 50, 60, and 70-.11: S11-rMi center
frequencies. The enable signals occur sequenti,.iy in a manner
determined by the pseudo-random frequency- !,opping sequence. Thus,
during any one 12.7-microsecond pulser clock period, only one of the
four SWTDL enable signals is logically true.

8
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Figure S. Synthesizer No. 2 Block Diagram

pulser excites its corresponding Sh-TDL. Since the Mode I pulser
clock repetition rate is 78.7401 kHz, a new ShTDL is enabled every
12.7 microseconds and pulsed in accordance with the frequency-hop-
ping pattern. Each SWTDL produces an impulse response precisely
12.7 microseconds long when excited. Thus, in Mode I operation an
impulse response is always occurring, since the pulser clock period
is 12.7 microseconds

The output of the SWTDL modules is fed to the switch module. The
switch module contains four RF switches used to gate the appropriate
SWTDL module output to the synthesizer summing circuitry. The RF
gating improves the signal-to-noise ratio at the synthesizer output.
(This is discussed in more detail later in this report). The
frequency-hop sequence generator provides the switch module with
four switch enable signals. The switch enable signals are identical
to the SWT)L module enable signals, but are delayed in time approxi-
mately 4.9 microseconds to compensate for the 4.9 microseond delay
between the excitation of a SIML input transducer and the start of
a SWTDL impulse response. (The delay arises from the physical separa-
tion of the SIVTDL input and output transducers).

10



The outut of the RE switches is fed to signal equalizing pads which
ZpproPriately at2.tenUte the four SML outputs such that the signals
fed to the power smwer are of equal amplitmue. Thus, the ourt-ut of
the summer is a continumms FH/PN signal composed of equal amplitude,
12.7 imicroseco:n long impulse responses that are hopped in frequency
by the pseudo-r2ndzn frequency-hopping sequence. This signal is fed
to an Gutpur ap.lifier which provides 60 dB of wideband gain. The
amplifier output level is approximately -5 dR.M into 50 o fis aP.d it is
fed to a BNC connector on the synthesizer chassi:s.

Synthesizer No. I produces three synchronization signals for use in
sy•nthesizer No. 2, n.=ely INN sync, pulser clock, and systen refccence
clock. Pulser clock, taken directly from the output of the frequency-
divider circuit, is supplied to a line driver and fed to a chassis

NC connector. Sýstem clock (the 10-Mfz reference) is obtained by
filtering the square wave outpuz of the !0-.ffz crystal oscillator in
synthesizer No to obtain a 10-'ELz sine wave. This signal is sup-
plied to a line driver and then t-) a chassis B8%C connector. (A 10-
igz sine wave is required in order to operate the !0-.Iz phase lock
ioc0. in synthesizer -No. 2)_ PRN sync is deriv-ed froe the t eh - ency-

hop sequence generator. The frequency-hop sequence generator is a
six-stage feeiback shift register that generates the 63-chip fre-
quency-hop sequence. The logical state of the six stages (i.e.,
.lip-flops) in the shift register are continuously nonitored and
a particular point in the 63-chip sequence (which only occurs once
per 63-chip sequence) is digitally detected by observing the states
of the six flip-flops. Wnen this condition is recognized, a (PN
sync) pulse is geperated and fed to a line criver and then to a
chassis BSC connector.

The 10-1iz reference signal is fed to synthesizer No. 2 where it is
used as the reference signal in a 10-.5z phase lock loop. Synthesizer
No. 2 contains a 10-4l-z voltage-controlled crystal oscillator (VCXO)
w'hich drives the frequency-divider circuit in synthesizer No. 2. The
phase lock loop circuitry filters the VCXO output, obtaining a 10-
MIz sine wave and compares the phase of this signal with the lO-02z
reference signal from synthesizer \Wo. 1. The error signal pioduced
by the phase lock loop , Krcuitry is a.sed to control the frequency of
the VCXO. Therefore, tie 10-.4Hz clocks in synthesizers No. 1 and
No. 2 are maintained coherent. The relative phase of the VCX0 signal
is made adjustable by means of a "ý adjust" control so that relative
phase of the synthesizer No. 1 and No. 2 clocks can be varied for
experimental purposes.

The 10-Kiz clock produced by the VCXO drives the frequency-divider
circuit in synthesizer No. 2 which in turn produces synthesizer
No. 2 pulser clock. In order for synthesizers No. 1 and No. 2 to be
coherent, their pulser clocks must be coherent. Therefore, the pul-
ser clock signal from synthesizer No. I is compared ;.iLh the Fulser
clock in synthesizer No. 2. If the synthesizer No. I and No. 2 pul-
ser clocks are not occurring simultaneously, 10-•tz clock pulses fed
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to the synthesizer No. 2 fzequency-divider circuit are deleted until
the synthesizer No. 1 and No. 2 pulser clocks synchronize.

Once the synthesizer No. 1 and No. 2 10-w1z clocks and pulser clocks
are synchronized, the frequency-hopping sequence of synthesizer No. 2
must be synchronized to the hopping sequence of synthesizer No- 1.
As mentioned previously, the PN sync pulse from synthesizer No. 1
occurs when a particular state of the six flip-flops comprising the
frequency-hopping sequence generator in synthesizer No. 1 is recognized.
The PN sy-nc pulse fed to synthesizer -No. 2 forces the state of the
six flip-flops in the synthesizer No. 2 frequency-hopping generator
to be identical to that of the hopping sequence generator in synthe-
sizer No. 1, thereby synchronizing both sequence generators. Once
this occurs, both synthesizers are frequency-hopping in unison and
the two synthesizer outputs are therefore coherent.

b. Mode II Operation

In Mode II operation, the code switch (showr schematically as $1 in
Figures 4 and 5) selects the divide-by-60,O00 output of the frequency-
divider circuit. Therefore, the pulser c.ock is an approximately 100-
nanosecond hwide pulse with a 6-millisecoad p•riod (166.666 Hz repeti-
tion rate). As a result, the freque-ncy-hop sequence generator selects
and excites a new ShTDL everv six milliseconds. The frequency-hopping
sequence is the sane as in the Mode I case. Since the impulse
response of each ShTDL is 12.7 mic.roseconds, the synthesizer output
is comprised of a 12.7 microsecond burst of RF every'six milliseconds
and the center frequency of each successive burst hops in the same
manner as in Mode I operation. With the exception of the frequency-
hopping rate, the operation of the synthesizers (inclvding the synch-
ronization techniquer',,, is the sane in Mode I and Mode 1I.

2. STPDL DESIGN

a. Substrates

All of the surface wave tapped delay lines used in the synthesizers
are fabricated on ST-cut Quartz substrates. ST-cut Quartz twas selected
for the substrate material, because it has several desirable charact-
eristics relative to sonme of the other commonly used piezoelectric
materials such as lithium niobate or bismuth germanium oxide. ST
Quartz has a very small surface wave velocity temperature ciefficient
and hence a small time delay temperature coefficient. Therefore,
the waveforms produced by ST Quartz SWTDL's tend to be stable with
temperature. This is especially important when considering the coher-
ency between two synthesizers that have to operate in different
temperature environments.

Quartz has a much lower electrical/acoustic coupling coefficient than
either lithium niobate or bismuth germanium oxide. While this means
that a Quartz SIVTDL has a larger insertion loss than SlfDL's fabricated
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on lithiu_ niobate or bismuth germanium oxide, it also means thah a
much loier (2nd usually insignificant) level of spurious signals is
generated by a Quartz del',ay -ine.

The StiDTL substrates used in the synthesiuers are 4 inches long by
: inch wide by 118 inch thick. Thcy w-ere all cut ttith a 42.75-degree
Y-axis rotation, (ST-cut), and oriented such that the long edge of the
subtrate corresponds to within 5 minutes of the "X" zrystallograp.h.;c
axis. One surface (X, rotated Y) was polished to a one Micron (or
better) finish. A layer of altcinui, app.wx.mate!y 2000 angstro=s
thick, has then vacut_-evaporated onto the polished surface of the
substrates to serve as the ceralli:ation for the :nterdi-ý-.Ea! trans-
dur_- patterns.

b. Transducer Patterns

The transducer patterns on each SWF-DL consist of flur input trans-
jucers 12 on ea:h end of the device- and an "u-put

trat:sducer patter.:., for the .iG,!:- ST-.L is shown ir ".Figure '• : % i.ut
transducers were placed on each end of the devices so that the devices
ciuld be- used as signal generators or as. parallel correlat-ing . atched
ft l ers . Tho inru: transducer,, were placed on each e-- f the Je-
v:tes so da=ace tc one-- transducer wouid r.)t re-nder the device
useless-
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iI
The initial design of the 40-Miz SWML pattern consisted of n-4 pair
input transducers and n=4 pair per tap output transducers. In this
instance, the theoretical acoustic bandwidth of the input transdu'cers
and of each tap of the output transducer was 10 MSz. T-herefore, the
composite input transducer/output transducer acoustic bandwidth was
approximately 6.4 Mz. As a result, the impulse response of the
device exhibited significant amplitude Modulation due to bandliniting.

In order to alleviate this problem, the number of pairs per tap on
the output transducer was changed from four pair to one pair with the
result that the acoustic bandwidth of the device was essentially
determined by the bandwidth of the input transducer (10 1z). The
effect of this change was that the amplitude of the device's impulse
response was essentially constait and the frequency spectrim exhibited

a sin x 2 shape with nulls at 30 and 50 M•z.

The design of the 50, 60, and 70-!.z SinITDL's was made sinilar to that
of the 40-%Mz SVIMDL. In each case, the input transducer was designed
for a l0A-z acoustic bandwidth while the output transducers consisted
of single interdigital pairs per tap. A synopsis of the transducer
design characteristics for the 40, 50, 60, and 70-MRz SMfDL's is given
in Table I.

TABLE I. SWTDL TR•T.SDUCER CHARACTERISTICS

_ _4Center Frequency

_bero __ 40 Mz so 5mz T60 Mz J70 fz

Num-ber of
pairs in 4 pairs S pairs 6 pairs 7 pairs
Input
Transducers

Output 127 taps 127 taps 127 taps 127 taps
Transducer (1 pair/tap) (1 pair/tap) (1 pair/tap) (1 pair/tap)

Interdigital
Finger 1.554 mills 1.243 mills 1.036 mills 0.888 mills
Spacing, X/2

Output
Transducer 12.432 mills 12.432 mills 12.432 mills 12.432 milis
Ihp Spacing

Interdigital

Finger 233.1 mills 186.5 mills 155.4 mills 133.2 mills
Overlap _
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C. S-iDL Codes

Each S•TDL output tr-ansducer contains a 127-chip maximal length pseudo-
random code and a different code is used on eact' ShTDL. A computer
search was made of the 18 maximal length codes available (from the
family of all possible 127-chip codes), and four codes with mutual
cross-correlations of less than 25/127 of the individual code auto-
correlations were selected. The code number, characteristic equation
and initial conditions of each of the four codes is summarized in
Table II.

TABLE II. ShTDL PN CODES

Center Frequency Code Number Characteristic Equation

40 MHz 211 P(X) =X7 + X3 + 1

S50NHZ 217 P(X) = X7 + X5 + X2 +1

60 MHz 277 P(Xi = X7 + X5 +X4 +X3 +x2 + X +

70 MHz 323 P(X) = X7 +X 6 +X 4 +X+I

Initial Conditions are 1000000 for All Codes.

d. SWVTDL Matching

Bandpass matching of the SITDL output transducers was employed to
maximize the SIVTDL output signal levels so as to provide a good signal-
to-noise ratio at the synthesizer output. In addition, the matching
provides a degree of bandpass filtering of the SIVTDL outputs and reduces
any out-of-band spurious signals that might exist. The technique chosen
was to match the output impedance of each SWTDL output transducer to
50 ohms (the characteristic impedance of all the non-surface wave RF
components used in the system).

T1he basic matching network employed for each SWTDL output transducer
is shown in Figure 7. It is a tapped parallel tank circuit composed
of the equivalent shunt capacitance of the output transducer, CT, and

a tapped variable inductoi, L. The tank is shunted by the equivalent
shunt output resistance of the output transducer, rT, and by the
equivalent resistance, rp, of the circuit's 50-ohm load that is stepped

up by the tapped inductor.
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rT CT rp L
T TO 509 LOAD

ASW-625-5 -

Figure 7. SIVTDL Output Matching

The 3 dB bandwidth of this network is determined by its loaded Q,
(QL and resonant frequency f 0 (i.e., 3 dB bandwidth = fo/QL).
The loaded Q is QL = C'/2nf oL, where r'p is the parallel equivalent

of r and rT. Each matching network was designed for a 3 dB band-
rp

width of 20 R.z in order to avoid any significant amount of phase
distortion in the 10f-Miz bandwidth of the SWTDL outputs. The
characteristics of each matching network are summarized in Table
III. Using this matching technique, the output power of each
SWTDL was increased 6 dB relative to the output power obtained when
no matching was employed.

TABLE III. SWTD'. nUTPUT MATCHING NETWORK CHARACTERISTICS

Center Frequency

40 MHz 50 MHz 60 MHz 70 MHz

Loaded Q, 2.0 2.5 3.0 3.5

CT 29.3 pf 24.0 pf 19.2 pf 17.0 pf

rT 1.2K Q 1.7K 0 2.1K S 2.4K Ci

L 0.5 ph 0.36 ph 0.38 ph 0.3 )h

r? 270 E 325 0 420 Q 490 Q
p

Total**
Turns, 8.0 6.5 6.75 6.25Turns, N

Tapped at 3.5 2.5 2.3 2.0
Turn, N1

* CT represents the shunt capacitance of the output transducer plus the
stray capacitance caused by the output leads.

** Inductor L is wound on a Cambion coil form, Part No. 3652-7. Tihe tap
is referenced from the ground side of the inductor.
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3. PULSERS

The pulser circuits used in the synthesizers produce narrow baseband
pulses which are used to excite the SWTDL's. Each pulser consists of a pulse
generator and pulse amplifier and each SWTDL has its own pulser. A schematic
diagram of the basic pulser circuit is shown in Figure 8a. The pulse generator
consists of a high-speed inverter Z and a high-speed NAND gate Z2 . When the

pulser is enabled by a logic level from the frequency-hop sequence generator,
the A-input to Z2 is high. When pulser clock occurs, the B-input to Z2 sees a

transition from high to low that lasts approximately 100 nanoseconds, (see
Figure 8b). This pulse is also fed to inverter Z and the output of Z is fed

v to the C-input of Z2. The output of Z is delayed by Td seconds as a result of

the propagation delay of ZI. Thus, the B and C inputs of Z2 overlap each other

by Td seconds and as a result, the B and C inputs to Z are both high for a time

Td as shown in Figure 8b. If the A-input of Z2 is enabled during this time, Z2

Iproduces an output pulse (D in Figure 8b) that is Td seconds wide. If the A-

input to Z2 is not enabled, Z2 does not produce an output pulse.
A

ENABLE

PULSER z
CLOCK

C1

Q, Q2 TO SWTDL

I TRANSDUCER

T "1(a) ' T

A NOTSENABLED - -- -ENABLED- ,

c F...1

D 
I 

'

ASW-625-6 (b)

Figure 8. Schematic of Basic Pulser Circuit
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The width of the pulses produced by the pulse generator is determined
by the propagation delay of Z1 . Since pulse widths on the order of 10 nmao-

seconds were required to excite the SWTIDL's, Schottky clamped TTL inverters
were used for Z1. Specifically, a Texas Instruments, Type SN74S04 inverter, was

used as this device exhibits a propagation delay of approximately 5 nano-
seconds. The width of the pulse was made adjustable by means of a feed-around
capacitor C . The pulser clock input to ZI was buffered by two additional

Schottky clamped inverters in order to eliminate the loading effect of capa-
citor C1 , since pulser clock feeds all four SWTDL pulsers simultaneously.

The output of Z2 is a 5-volt logic level transition This signal is
amplified by a pulse amplifier comprised of Q, and Q2 " High-speed switching

transistors were used for Q, and Q2 (2N4260's) in order to preserve the

rise and fall edges of the Z2 output. The output of Q2 is a positive going

pulse with an amplitude of approximately 8 volts. The shape and amplitude
of the pulse was made adjustable by means of the speed-up capacitor C2.

In order to obtain the largest possible output from each SWTDL, an auto-
transformer was used to increase the amplitude of the Q2 output pulse, (Tl of

Figure 8). This transformer is comprised of an 8-turn trifilar winding on
an Indiana General CF-102-Q3 toroid core. An approxLmate voltage step-up of
three is obtained with this transformer with a resultant increase in SWTDL
"output. When driving the input transducer of a SWTDL, the transformer pro-
duces a peak voltage of approximately 24 volts across the transducer. A
typical oscillogram of the transformer output (driving a SWTDL input trans-
ducer) is shown in Figure 9a. The negative transient immediately following
the pulse is due to inductive ringing in the transformer. The majority of the
ringing caused by the transformer %as eliminated by placing a transient sup-
pression diode across the transform'- output as shown in Figure 8 and the rem-
nant ringing is that evident in Figure 9a. The frequency spectrum of the
pulser is shown in Figure 9b. Measurements indicated that the spectral energy
produced by the pulser at 70 MHz was approximately 8 dB lower than the energy
at 40 MHz.

4. SITDL MODULES

The 127-chip SWTDL's are placed in self-contained modules along with
their pulser circuits, matching networks, and output amplifiers. This packag-
ing technique allows for maximmn RF shielding between devices and, in addition,
provides a convenient means of varying the synthesizer configuration in terms
of center frequency, SIVTDL codes, etc., because changes can be made at the
module level.

The S1TDL modules were fabricated from double-sided copper-clad PC board
material. Each module is a rectangular shaped box with a partition running
down the middle (Figures 10 and 11). The SWTDL's are mounted on the parti-
tion (Figure 10.) and gold leads connect the SWVTDL transducer to feed-through
terminals which connect the input and output signals to the pulser circuit
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A-A
10 VOLTS

(a)

FREQUENCY
S10 MHZ

ASW-625-7 (b)

Figuire 9. Pulser Output

and the output matching network. The pulser and matching neliork are mounted
on the other side of the partition. Tlhe gold leads are fastened to the SDI'DI,
transducers with a silver epoxy cement which provides a good mechanical bond
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Figure 10. SIMITD, Module, Top View

aI

and a low RF resistance path. A top cover (not shown) protects the SIVTDL sur-
face from damage and at the same time allows the SWTDL to be electromagnetically
shielded on all sides. A coupling pulse shield separates the input transducer
from the output transducer in order to minimize the amount of energy coupled
directly from the input transducer terminals to the output transducer terminals.

Figure 11 shows the position of the pulser circuit, output matching network,
and output amplifier. The pulser'circuit is mounted on a small PC board that is
fastened to the center partition. A shield completely encloses the pulser cir-
cuit in order to eliminate coupling pulse radiation to the output matching net-
work. The pulser clock and pulser enable s'ignals and input power are fed into'
the module through subminiature connectors and capacitive feed-throughs.

The output matching network transformer is mounted on a small PC board
which is in turn mounted to the output transducer feed-throughs. A short coaxial
cable feeds the output signal from the tap on the transformer to the input of the
SIVTDL module amplifier. The SWTDL module amplifier (Avantek, Type UA-151) pro-
vides 20 dB of gain to the output signal and delivers it to a subminiature RF
connector on the far end (in Figure 11) of the SWTDL module.
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A MPLIFIER

S . . .. R E N OD R K

PULSER CIRCUITI11PUT N(HIDDEII BY SHIELD)•, POWER

PULSER -CLOCK ENABLE
INPUT 

, INPUT

ASW-625-9 -.....

NEG 71-11-1249

SFigure 11. ShT- L Module, Bottom View

The physical design of each SITDL module is identical. hhen m'ounted onthe synthesizer chassis, the bottom of each module is completely enclosed (andthus shielded). All that is requir-.d for ShTDL module operation are appropriateTTL compatible pulser clock and enable signals and input Dower (+12 Vdc and+5 Vdc). The output of each module consists of the impulse response (of theparticular SIfTDL mounted in the module) at a level of approximately -55 dBm into5S ohms. The signal-to-noise ratio of all eight modules built measured +18 dBin a 204ltz bandwidth when the modules were pulsed at a 78.7401 kHz (continuous
output signal) rate.

5. LOGIC DESIGN

With the exception of the Schottky clamped TTL logic used in the S1%TDLmodule pulser circuits, all of the logic used in the synthesizer is composed ofconventional dual in-line packaged TTL. The majority of the logic is containedon two printed circuit cards and includes the frequency-divider circuit (divide-
by-127 and divide-by-60K) and the frequency-hop sequence generator.
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a.. Divide-by-1277 Circuit

The 1O4SEZ System Clo--k is diwie-Cd byr 127 to obtain a 73..7401 kllZ
clock for Ybefe I operation, Using a sligbtly m~odified binary ripple
counter.. A block diagrzn of the counter is showcn in F~igure 12-. I'Le
wrst important design reqirent on the counter is that it produces

ai tulser Clock signal Wcith a period of precisely l:Z.7 mricroseconds
in order to maintain swyntthesizer ccdrexgcy.. If an ordinary- ripple
counter were used to divide the 10-,%17- clock, vmriations i~n th~e rip-
pie time with tenperature -.-d rover supply would c=Lsee varriaticns
in the tine v~osition of the pelser clock relative to the 104¶iZ
system clock. In order to avoid these variations, the counter
of Figure 12 ope-rates by counting up to 126, resetting to zero,
cunmting up to 126, etc. An ANWI gate looks at the six mrst
significant bits in the counter and ANND's these six bits w-ith
the lO44Eiz clock-. When the 126th clock pulse occurs, it ripples
thr-3ugh the counter. Before the 126th clock p-alse has rippled
coirpletely through the counter, the 10-361z clock falls lo'c and
the ANT circuit is disabled. After the 126thn clock pulse has
czapletely rippled thrroughi the counter, the six most significant
bits fed to the X", gate are true so that the follvicing (127th)
clock prulse enables the V0D gate and produces an output (Pul1seer
clock) pulse. Thus, the pulser clock occurs on eyery) 127th system
clock p ulse but is completely independent of any ripple time var2a-
tions in the counter. As a result, the tine position of -the pulser
clock signal is essentially deterani;ned by the stability of the
systen3 clock.

--.,PULSER CLOCK

P6 T 78.7401 KHZ

S0IGNSIFICANTT BITS

10-MHjz CLOCK COUNTER

ASW-625-10

Figure 12. Divide-by-127 Circuit

b. Divide-by-60,000 Circuit

The divide-by-60,000 circuit is used to divide the 10-Mgiz clock down
to 166.66 Hz for Mode II operation and, in general, uses the same
operating principle as does the divide-by-127 circuit. The divide-
by-60,000 circuit uses a 16-stage ripple counter that counts up to
59,999, resets to zero, counts up to 59,999, resets to zero, etc.
The reset pulse (and pulser clock output) of the counter is deter-
mined solely by the time of occurrence of each 60,000th system
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Clock FULSe =.' henCC, the S~ 11 F0Iscr Clock is Mot affected bV
ripple tinie rzriaticrms in the cm~ter..

c.. PU Seqpere C'-erator

The PUI serqnennce used to determline the fre ucy-hogping pattern is
deweleped by 2 six-stag-e feedback shift register-. The shift register

isclocked by the pcilser clock output of the frequency divider cir-
cuit =5d prodnces a maximal length binary seqtuence 63 chips in length..

(-E., he firt ad sxthstages are used as the feedback terms).
The generb. ato emplysziro fo~rtes geator eiisat th possibilit6'

of an all-zer-o -it cccndition in the shift register..

d-. Frequency Select Logic

the frecptency- select logic interprets the state of the P-- sequence
generatcor and generates fcur- signals that serve as the pulser enable
Si gnamls for the four SMI'DL noelule3. -these signals are formed by %,*M-ing
the E, E, F and F outputs of the ?%', sequence generator as shown in
Figure 13.. Using this schemre, only one pulser en-able line can be
logically true at any one tine and hence only One of the four usr
can be enabled at any one tine..

CLOCK C. 6-STAGE jII 'S, SHFT REGISTER

s ABC D E fFF

I I EIABLE

50II

ENABLE

I A FRýEQUENCY

IZERO SUPRESSION L OC-

PN EQUNCEGENERATOR

ASW-625-l11

Figure 13. PN Sequence Generator and Frequency Select Logic
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6. E LF GAT M•

Tr-- wnp of eachi SWREL moa-Ie is fed thr~Y-.6 am RF gate grior to cam-
bining of the fcur signals in order to preserwe the signal-to-moise r•tio of
the result=: sigmal at the synthesizer cmwu. Since each S'XML mmdule con-
tains its own cazra amplifier, the oatgut of each nIle cmsists of a 12.7-
niirosececd SUMDL iomglse resi e when the S L is pulsed, olus a rzznm
noise cempcent generated by the SMXL or= zmlifier-. 7his noise signal is
present ubether the _%WL is valsed or not. If the four SM'!L outots vere
combined withvu-t RF gazrig, the resultant signal Voald consist of the S2ML cat-
put signal pauer Ps, plus the output noise pmer of its cvustt a.lifier P,

plas the output noise power of the three other SVDL a9lifiers. Since the
outur za.lifiers and their effectire noise ba.-ndidhs are ideatical - and siince
their noise pawers are -ncorrelated, the total output noise pcer wOuld be 4Pn

and the resultant synthesizer output signal-to-noise ratio w -uld be Ps/ -

flovever, by gating only the signal generated by a pulsed SM¶DL iodule to the
synthesizer out.mt, the resultant signal-to-noise .ratio is Ps/P /1hich is a

s n
6 d8 im•ro-ement o'er the untgm ed case.

By increasing the synthesizer iautruu signal-to-noise ratio, the degree of
coherene" achievable between a pair of otherwise (perfectly) matched synthe-
sizers is i-pro-ed, since noise Panifests itself as a random phase jitter on the
synthesizer outputs. In a practical situation, where the synthesizers would
form part of a coaMzication system, the signal-to-noise ratio at the synthe-
sizer outputs would have a direct bearing on the perfornance of the system.

a. Gate ElectronicsIThe RF switches used for gating and the electronics required to drive
them are contained in a switch module. A block diagram of one of the
switch circuits is shown in F~gure 14 and an interior view of the
switch module is shown in Figure 15. The switch, a Relcon Type S-7C,
.i! driven by a bipolar constant current source. The constant cur-

rent source supplies -20 nilliamperes when the switch is turned on and
-20 na when the switch is turned off. Normally, the switch is turned
off. However, when the switch enable line is enabled by the frequency
select logic, a 12.7-microsecond one-shot (contained in the switch
module) is fired and this in turn causes the current supplied to the
RF switch to change from -20 nillianperes (the off condition) to +20
milliamperes (the on-condition) for 12.7 microseconds. At the end
of the 12.7-microsecond period, the one-shot times out and the current
supplied to the RF switch reverts back to -20 milliamperes.

In order to prevent the current supplied to the RF switch from chang-
ing instantaneously (and thus causing a switching spike at the switch
output), the bipolar constant current source output is in*egrated by
capacitor C so that the current supplied to the switch changes linearly
and at a controlled rate. (The current changes polarity in about
500 nanoseconds in the present design).
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6.. switch Engbie Sigmals

Th wtme~i sigmzls for the RF switch circuits a.re ge~erzzed
in the freqpv=-hop seqmmce geerator. These signals follow the
s se sence as do the unuser e'•ble signls, but -- e del.yed in
tine aporim•re-y 4.9 -icso:'.vds. The 4.9-iiroseca del y is
rureassary to a~cce fbr the del.-T that occus between panlsing a
S• nL e obt:aiing z .V!L impulse respcnse (a canseq• mce 2f thýe
physical s~epzraricn betee imput -A cmutr transducers C-- the SM¶L
substr•e.es). s, WE- a Part.ilC!er SM'1 impulse respse is just
begimuing, its corresponding RF switch has just tarn ee an =. d remains

( on for the 12-7-aicrosecand dur-azion oJf the impulse respoase-

The switch en2ble sip-=ls a-re generated as shown in Figure 16. PMa-
ser cloc trriggers a 4.9-microseccnd one-shot and its outpuit is
Aged w ith the 40, 50, 60, 2nd 70-ML- pulser emable signals. The
one-shot is configured sucih that after it has timed cut, it enables
all four AuND gates. The particular L! ga2te th2at is at that
time also enbled by a pulser ernable sigal thus produces a switch
enable signal.

PIILSERE-SMOT

CLOCK -S ~

49-V9Z _50-_Z SWITCH EE/MLE

PUPLSER ElAPfiLEI0- F•Z PUL I0-IF §AZ SWITCH EIABLE

PULSER E/MABLE[

PL'LSER ENABLE

70-_ __Z__ AID 70-4iZ SWITCH EIIABLE

PULSER ENABLE

ASW-625-14

Figure 16. GATE Enable Generation

c. Output Attenuators

The output of each RF switch is fed through an attenuator before
leaving the switch module. The purpose of the attenuators is to
equalize the SMTDL outputs so that the average signal level of the
synthesizer output is the same from frequency-hop to frequency-hop.
The attenuators are resistive Pi pads designed for input and output
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11 ~ impedances of 50 oCnis so :f~,in addition toeiqalizing the SM1L

S17- SIQLL SaTION,

Summation of the SU'L autz• t sigmals is PerfOraed using a fir-e-port
reactive hybrid gamer codbiner, (a Herruiac Research =Ddel P!J-40-SS). This
derice prowides essentially lossless combining of the SMDL catits, w~ile pro-
viding excellent ase nd am?•-itde balance betuceen sigMals. A rCtire
hybrid is used raiher tbn a resistive sanemr in order to avoid the rather
large insertion loss that would be suffered us>_g a resistive stmrer.

S. WIU GALEU

-the output of the pcwer combiner is fed to an arplifier madule which
provides 60 dB of gain. . e a•alifier module is corposed of a cascade of two
J Aartek -A-151 3-amlifiers followed by an Arantek UA-152 anplifier. All
three of these airplifiers are characteri-ed by their wcide b-.adwidth (20 to 250
.Az), flat miplitude respornse (4-0.5 dB froci 20 to 250 Kiz), and linear phase
res.onse, (a neasured 3-degree deviation fkm perfect phase Iinearity over
the 30 to 80-MIz freauency range).. The JA-152 anplifier h.s a - -relati'Iy-
high I dB co-mpression point (+10 dEn) and this allows it to provide a synthe-
sizer output level of awproximately -5 d0a into 50 obhs that is free fron
svurious products.

The UA-151 a-plifiers are identical in gain, bandwidth, and applitudt
flatness to the IJA-152. The UA-151 has a soinewhat better noise figure (3.5
dB), than the JA-152 "and hence is used as the first two stages in the output
amplifier chain. (Because of their excellent noise figure, UA-lSl's are also
used as the SWfIDL output amplifiers in the SWTDL modules).

9. SYNCHRONIZATION

a. Frequency-Hop Synchronization

Synchronization of the frequency-hop sequence generators in
synthesizers No. 1 and No. 2 ic performed by means of the synch-
ronization circuitry shown ii Figure 17. As mentioned previously,
the frequency-hopping seqve.ice is genc rated using a six-stage
feedback shift register. In synthesizer No. 1, the six states
of the shift register are continuously monitored by a sync recogni-
tion gate. The sync recognition gate recognizes the 6-bit sequence
101010. This sequence occurs only one time per 63-bit PN frame.
When this point in the PN frame occurs and is recognized, the sync
recognition gate sends a pulse to the data input of a D flip-flop.
The flip-flop is clockei by pulser clock and transfers the logic
level at its data input to its output on each clock pulse. Normally
the data ixput is low and, therefore, the flip-flop output is low.
When the 6-bit sync sequence is recognized however, the flip-flop
data input goes high and, therefore, the D flip-flop output is
clocked high and forms the PN sync pulse sen, to synthesizer No. 2.
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Figure 17. Frequency-Hop Synchronization

The PN sequence generator in synthesizer No. 2 is basically the
sane type of sequence generator as is used in synthesizer No. 1,
but in addition, it has a sync word generator. The PN sequence
generator in synthesizer No. 2 operates exactly the same way as
does the PN sequence generator in synthesizer No. 1 except for when
a PN sync pulse occurs. When the PN sync pulse occurs, a 6-bit sync
word is parallel-transferred into the six stages of the shift register
forming the synthesizer No. 2 PN sequence generator. This 6-bit word
is generated by the sync word generator as a result of the occurrence
of the PN sync pulse. The sync word generator maintains the 6-bit
word until the next clock pulse occurs following the clock pulse that
caused PN sync to be recognized in synthesizer No. 1. When this
clock pulse occurs, the PN sequence generator in s-mnthesizer No. 1
cycles to the next state in the PN sequence (specifically 110101)
and the 6-bit word that is transferred into the synthesizer No. 2
PN sequence generator is 110101. At this point, both PN sequence
generators contain the 6-bzt word 110101 and are therefore syn-
chronized. As succeeding clock pulses occur, both PN sequence
generators produce the same sequence of bits as the feedback logic
in both sequence generators is the same.
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b. Pulser Clock Synchronization

A synchronization circuit is required to insure that the pulser
clocks in synthesizers No. 1 and No. 2 occur at the same time.
(Pulser clock sync assumes that the 10-41z clocks in both synthe-
sizers are sy-nchronized. In addition, pulser clock s)-c is required
before frequency-hop synchronization can occur).

Pulser clock sykc is obtained by comparing the pulser clocks produced
by synthesizers "Zo. I and No. 2 in a pulse comparator circuit. The
comparator circuit is located in synthesizer No. 2 and pulser clock
from synthesizer No. 1 (pulser clock No. 1) is hard wired over to
synthesizer No. 2. The comparator circuit produces an enable signal
which is used to control the 10-41z clock pulses fed to the frequency
divider circuit in synthesizer No. 2. Under normal operating condi-
tions, when the pulser clocks are synchronized, the comparator cir-
cuit continuously enables (10 NfHz) clock pulses to the synthesizer
No. 2 frequency divider circuit. hen the pulser clocks are not
synchronized however, the comparator circuit detects this condition
and (by means of its enable signal) deletes the (10 MHz) clock
pulses from the 10-,Viz clock fed to the frequency-divider circuit in
synthesizer No. 2. The comparator circuit makes the enable-disable
decision on every occurrence of pulser clock No. 2, thereby deleting
one (10 .Xz) clock pulse at a time until pulser clocks No. 1 and
No. 2 are synchronized.

In Mode I operation, pulser clock is derived by dividing the 10-MHz
clock by 127, thereby producing a 78.7401 kHz pulser clock rate
In the worst-case condition, the synthesizer No. 2 divide-by-127
circuit could be out of sync with the synthesizer No. 1 divide-by-
127 circuit by 126 states. Since the pulser clock comparator cir-
cuit makes a decision once every pulser clock (i.e., every 12.7
microseconds), the worst-case sync time in Mode I is 126 times 12.7
microseconds or 1.6 milliseconds.

In Mode II operation, pulser clock is derived by dividing the (10
MHz) clock by 60,000, thereby producing a 166.66 Hz pulser clock
rate. In the worst-case condition, the synthesizer No. 2 divide-
by-60,000 circuit could be out of sync with the synthesizer No. 1
divide-by-60,000 circuit by 59,999 states. Since, in this case, the
pulser clock comparator circuit makes a decision once every 6 milli-
seconds, the worst-case sync time is 59,999 x 6 milliseconds or
approximately 6 minutes. This synchronization time would be quite
objectionable if the synthesizers were to be used in a data trans-
mission system. However, for phase coherency testing, the 6-minute
maximum sync time did not prove to be particularly bothersome. For
this reason no attempt was made to reduce the Mode II pulser clock,
sync time. It should be realized however, that through a somewhat
more complexly implemented synchronization circuit the worst-case
Mode II sync time could be reduced to approximately 6 milliseconds.
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C. VCXO Sync

The phase coherency between synthesizers i s basically determined by
the phase coherency between the 10-Kiz clock in synthesizer No. 1 and
the 10-MHz clock in synthesizer No. 2. The 10-Mfz clock in synthe-
sizer No. 1 is derived from an ovenized crystal oscillator with a

short term stability of ±1 part in 1010 per minute. The 10-MHz clock
in synthesizer No. 2 is derived from a 10-MHz VCXO which is phase-lock-
ed to the 10-Mfz clock in synthesizer No. 1.

F: FITER AMPLFEF17!1F ERcc I
I~ 10-MHZ SINE

Q2 l WAVE, -7 dBm

10-MHZ Q2R1 IR2SCRYSTAL Q1 r • v.

OSCILLATOR X CSi R3
SII

10-MHZ SQUARE WAVE
TO FREQUENCY DIVIDER

SYNTHESIZER NO. 1 CIRCUIT

SYNTHESIZER NO. 2 10-MHZ SINE
Vx 10MZ1-MZFLE WAVE, -7 dBm L

VCXO AMPLIFIER M1
CONTROL VCXO (SAME AS ABOVE) "I
SIGNAL R I

10-MHZ SQUARE WAVE
TO FREQUENCY DIVIDER
CIRCUIT

Al

ASW-625-16 A@ ADJUST

Figure 18. VCXO Sync Circuit
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A block diagram of the VCXO sync circuitry is shown in Figure 18. The
10-MHz square wave produced by the 10-MHz crystal oscillator in
synthesizer No. 1 is fed to a filter amplifier comprised of Q and
Bias circuitry is omitted in the schematic for simplicity. TRe L,1
C1, C2 tank circuit is tuned to the 10-MHz funadmental of the square
wave and produces a 10-MHz sine wave which is buffered by emitter
follower Q2. The 10-MHz sine wave is fed through a resistive pad
with a 50-ohm output impedance and then to synthesizer No. 2 via a
coaxial cable.

The 10-MHz reference sine wave from synthesizer No. I is fed to the
"L" port of a Relcom Type M1 double-balanced mixer located in synth-
esizer No. 2. The 10-MHz squre wave from the synthesizer No. 2 VCXO
is filtered, amplified, and the resultant 10-MHz sine wave is fed to
the "R" port of the double balanced mixer. The mixer functions as a
phase detector and produces an error signal at its "I" port proportion-
al to the cosine of the phase difference between the 'ILI' and I"R" port
10-MHz sine waves.

The error signal is fed to a loop filter comprised of lag-lead network
Ra R b, Ca and amplifiers A1 and A2 . Amplifier A1 provides unity gain

and a very high input impedance to prevent loading of the lag-lead
network. Amplifier A2 provides a voltage gain of 10 and also a dc

offset adjust for the -rror signal. The output of A2 is fed to the

VCXO as its control signal. This circuit is a second-order phase
lock loop with a loop bandwidth of 100 radians/second and damping
factor of 0.5. The ý adjust control allows the relative phase of
the synthesizer No. I and No. 2 10-4Hz clocks to be adjusted so as
to maximize the phase coherency between synthesizers.

10. MECHANICAL LAYOUT

The mechanical layout of the synthesizers is shown in Figures 19 through
26. Both synthesizers (Figure 19) are mounted in separate chassis measuring
16-5/8 inches wide by 13-1/4 inches deep by 5-1/4 inches high. The front
panels of both synthesizers are identical and contain the system power switch,
oscillator oven power switch, mode switch, and output connector (Figure 20).
The oven power switch allows the 10-MHz oscillator primary power to be turned
on while the rest of the system is off to enable the oscillator to stabilize.

The rear panel of synthesizer No. 1 (Figure 21) contains input power
terminals (+5 vdc, +12 vdc, -12 vdc and +28 vdc) and, in addition, contains
output connectors for the 1O-MHz clock reference, pulser clock and PN sync
pulse synchronization signals fed to synthesizer No. 2. An additional con-
nector provides a Mode II timing pulse signal used in phase coherency measure-
ments. (This is discussed later in Section V, Testing).

The rear panel of synthesizer No. 2 is shown in Figure 22. It contains
input power terminals and connectors for the 10-4Hz reference, pulser clock,
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and PN sync pulse synchronization signals generated by synthesizer No. 1. A
connector which provides a replica of the 10-41z VCXO square wave output is
also available as a convenience for testing purposes.

Each synthesizer chassis is separated in the middle by a chassis plate.
A top view of synthesizer No. 1 (Figure 23) shows the placement of 10-MIFz
crystal oscillator, 10-4Hz filter amplifier, the four SWTDL modules, and the
frequency-divider and hopping sequence generator digital logic cards. The top
view layout of synthesizer No. 2 is essentially the same and is shown in
Figure 24.

The bottom view of synthesizer No. 1 (synthesizer No. 2 is identical) is
shown in Figure 25. As can be seen, the RF switch module, power combiner, and
output amplifier do not occupy very much space. It is evident from Figures
23 through 25 that the synthesizers size could have been made significantly
smaA!er if the need had arisen.

Figure 26 shows a top view of synthesizer No. 2 with the frequency-
divider and hopping sequence generator logic cards tilted up for access. The
logic cards (three in each synthesizer), are hinged on one end so that they
may be tilted upright to be worked on. Normally the cards lie parallel to
th3 chassis plate. Three cards were provided for each synthesizer but only
two each were used, one for the frequency divider circuit and one for the hop-
ping sequence generator. The third card was provided as a spare for future
system expansion (i.e., for modulation circuits and so forth).

ASW -625-17
NEG 72-8-2319

Figure 19. Synthesizers No. 1 and No. 2
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Figure 20. Synthesizer Front Panel
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Figure 21. Rear Panel, Synthesizer No. 1
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Figure 26. PC Card Access
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7STEMM

The prim=y goal of systen testing of the two svrnthesizers was the deter-
Mi-tiCO of the degree of phase cherenCY at.tainable be~tee synthesizers WheM
O.erating in MOde I and •de II conditions. The as rTents Of .•hse cO.ereCy
batveen synthesizers required the fzbric2tio of 2 coherency test set and -.h
following .aragraphs describe the theory of operation of the test set and the
procedu-es used during coherency testing.

I - 7iffiCRY OF PIMSEE CGOMEREXT TESTING

%hen the t-wo synthesizers are synchronized, the zero crossing of their
output Mareforms should (ideally) coincide at a2l tines if perfect phase cmher-
ency is achieaed. The degree to which the zero crossings do not coincide
is, therefore, a mesure of the incoherency between synsthesizers. The
reauirenents on the vhase coherency test set were then the deteraination of
the •MS value of the variation in zero crossings as the synthesizers hopped
about in frtequency.

The basic method chosen for measuring phase coherency between synthesizers
was that of -•-,tii lying the syvnthesizer outputs by each other in a double-
balanced nixer. As the result of this operation, a signal evolves that is pro-
portiona! to the phase difference between synthesizers. (A double-balanced nix-
er, when used as a product detector, produces an output proportional to the
cosine of the instantaneous phase differen'e between input signals.)

2. PHASE COHERENCY TEST SETUP

A block diagram of the phase coherency test setup is show-n in Figure 27.
The 10-Miz oscillator u.;ed as clock in synthesizer No. I and the 10-llz VCXO
used as clock in synthesizer No. 2 are shown separate from their respective
synthesizers in order to simplify the test setup description. It is assumed
that the 10-iz clocks, pulser clocks, and frequency-hopping sequences of the
two synthesizers are synchronized via the synchronization circuits previously
described.

The pnase coherency test set has two channels: A and B. The output of
synthesizer No. 1 is fed to channel A, while the output of synthesizer No. 2
is _1_J to channel B. Ideally, the output of each synchesizer is a constant
envelope biphase modulated signal. In practice, the signal will have ampli-
tude modulations due to band limiting of the surface wave device outputs (they
are acoustically bandlimited to 10 MHz by the input and output tranducers).
In addition, slight variations between surface wave device output amplitudes
exists and this cannot, in practice, be perfectly compensated by the equalizing
attenuators in the switch module. In order to eliminate these amplitude
variations from the phase coherency measurements, the output of each synthe-
sizer is, therefore, fed through a wideband limiter in the test set in order to
strip off the amplitude modulations.
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Figure 27. Phase Coherency Test Setup

Each limiter output consists of the fundamental component of its
input signal plus odd harmonics of the input signal. Therefore, for an
input signal centered at 40 MJz, the limiter produces an output at 40 Miz,
120 NHz, etc. In order to eliminate the effect of the odd harmonics, the
limiter outputs are lovpass-filtered. The lovpass filters cut off at approxi-
mately 75 Mz in order to pass the fundamental component of the 70-Muz SI.DL
outputs. The outputs of the lowpass filters are fed through RF switches
(necessary for Mode II coherency testing and described later), are amplified,
and are fed to a double-balanced mixer used as a phase detector. The mixer
multiplies the two signals and produces an output composed of a -,ouble-
frequency component and a second component which is a function of the instan-
aneous phase difference between synthesizer outputs. The nixer outpnt is
lowpass-filtered to remove the double-frequency component a,,d the result
is fed to a true RMS voltmeter that provides data to determine the RMS value
of the synthesizer phase difference. RF voltmeters monitor the signal levels
fed to the balanced mixer in order to eliminate the effect of m.xer input
signal variations from the phase coherency measurement. A detailed analysis
of the mathematics involved in the phase measurement process is given ir
Appendix A.
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in Y3ae 11, the snrhesfizer cutrts occur for perieds of 32-7 idcro-
sicare0s ait 6 nillisecc•s iaicrras.. ftring the ! rseining time, thi•e ixer
receiwt-s a rxzdzn vhas~e sigpa! ftvm the limilters uhich. could cause errorrs in
Vie ccý•ere•cy neasur emnt - in order to eimiernte those era rs, th• r imiter
outputs a.re outoressed %heru the ouuesi e ts re zero b MZS of the
R. swithes grevivusiv described- 7he .a siwnit,•es are turned 'n by a Mode

r1 timuing pu!se gglnerated bE synthesizer -no. I- The ouIse occurs just prior
to a bursr of RF from the synt.hesiozerus nard turns the uF soit -ches n for 12.7
m~icreseco-nds eyery- 6 ai! !isecconds. in Wae I *per-atiern, the RF switches re=-ain
02 continurously, since in Wae I the syonthesizer outVUts are contin~uous- A
pnotograh h of the phase coherency test set is sheux in rieure 23.

3- TEEST EV GC E AER .ES

-As describeed nathematically ins Apoendix A4, the ph2Se coherency test
procedures involve the 00eaSureanen of the test set outputl signals when the
sy~nthesizer No-. I signal is coa-parcd with itself in the test Sse 2nd whnen
the si*nthesi&=er No. 1 outvut is cc~ared with the outvut o~f svitthesizer No. 2.
The neasuirement of s.-ithesizer No. I against itself is required in order to
deternine a (??.•rfect coherency) reference signal fro= the resr set. This is

ASý'ý 625-2?
(1G 72-?-23!ý,

Figure 28. Phase Coherency Test Set
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accimplished as shcOn in Figure 29 by splitting the s.nesizer No. I outpt
into t-o identical ccqinents in a videband rover splitter and applying these
two signals to the A and B inputs of the test set. The input signals to the
dzle-balanced mixer (A1 and B) and the -eading on the true ELMS voltimeter

(Eý FM (MM)) are recorded. After these readings are taken, the test set is

fed fr= synthesizers -o. 1 and •• o.. 2 as shcnn in Fig;.re 30. The mixer input
and true MS voltmeter rezdings A2 , B2 , and E; EL4S are recorded. The R1S phase

0

difference between synthesizer outputs is then. given by the equation

I~ B4 1JA E % RLL4
6-s 6 A With

-rns in radians. The smne procedure is used for both -Mode I and Mode II phase
coherency measurements (see Appendix A)-

In order to verify the accuracy of phase coherency measurenents obtained
using the above-menti3ned equipment and procedures, an additional test was
performed whereby a phase shift of one radian at 70 Miz was introduced in the
test setup when synthesizer No. 1 was compare?, against itself. This was accom-
plished by adding a length of coaxial cable yielding approximately one radian
o.of phase shift at 70 .iz between the power splitter and A channel input of the
test set. Since the coax exhibits a linear phase shift vs. frequency char-
acteristics, the phase shifts produced at 40, 50, and 60 .Mflz were 4/7 radian,
5/7 radian and 6/7 radian, respectively. Based on the average occurrence of
40, 50, 60, and 70-,iz S'TDL outputs in the frequency-hopping sequence (this is
known since the frequency-hopping sequence is known), the RMS value of phase
shift produced by the coaxial cable was calculated to be 0.7602 radians. Thus,
an expected value of phase shift was available for comparison with values as
determined by the phase coherency test set. (The coaxial cable was cut for 1
radian phase shift at 70 MHz. Measurements using a vector voltmeter indicated
it actually produced a phase snift of 0.942 radians at 70 Mz. The measured
values of phase shift produced by the cable at 40, 50, 60, and 70 MIz were
used to calculate the expected phase shift of 0.7602 radians). The results of
this experiment and of the general phase coherency measurements between synthe-
sizers are included in the Test Re.ults, Section VI.
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SECTION VI

TEST RESULTS AND SYSTEM PERFORMANCE

1. OUTPUT WAVEFORMS

The following photographs illustrate some of the output waveforms produced
by the synthesizers. Figure 31a is an oscillogram of the synthesizer outputs
in Mode 1 operation and illqtrates the continuous nature of the output signals.
Figure 31b shows the output in Mode II operation and illustrates the 6-milli-
second periodicity of the signals. Figure 32 shows a more detailed view of the
40, 50, 60, and 70 MHz outputs of the synthesizers. The biphase modulations
representative of the 127-chip PN codes contained on each SWTDL become evident
in this figure as is the near-constant amplitude of the signals. Figure 33 is
a more detailed view of the synthesizer outputs in Mode II operation. In this

oscillogram, the 40, 50, 60, and 70-Mfz RF bursts are superimposed. Figure 34
shows the biphase modulation produced by the pscudo-random coding of a (60 MHz)
SWTDL output transducer. Each PN chip is 100 nanoseconds long as a consequence
of the 10 megabit/second PN chip rate inherent in the SWTDL design. Figure 35
illustrates the initial conditions on the 60-41z PN code (the initial conditions
for all four codes a-e the sane). In this oscillogram, a 50-MHz burst has just
ended and the 60-41z burst is just beginning. Figure 36 illustrates several
points in the frequency-hopping sequence where transitions from one frequency
to another occur. As can be seen, the transitions are smooth and in most cases
the change in frequency is quite apparent.

Figure 37a is a frequency domain representation of the synthesizer output
displayed; 10-MHz per division in the horizontal axis and 10 dB per division on
the vertical axis with the center of the spectrum centered at 55 MHz. The

(sin x/x)2 shape of each SWTDL output is clearly evident as is the line structur-
ing of the energy contained in the spectrum. Figure 37b is the same spectrum
displayed al 5 MHz per horizontal division. Figure 37c is an individual display

of the 50-MHz spectrum. The high-frequency side lobe of the (sin x/x)2 spectrum
is slightly lower than the low-frequency side lobe because of the rolloff in
pulser spectrum.

2. TEST RESULTS

A number of phase coherency measurements were made in order to determine
average value of phase coherency between synthesizers. The tests revealed

an average departure from perfect phase coherency between synthesizers of
i6 degrees RMS in Mode I operation and 18 degrees RMS in Mode II operation.
The two parameters which had the most effect on attainable coherency were the
SWTDL output matching network tuning and variations of the S-volt supply
voltages used by the synthesizer logic. Variations in SWTDL output matching
network tuning affected coherency because of the nonlinear phase shift vs.
frequency (i.e., dispersive) characteristics that resulted from mistuning
the matching networks. Variations in 5-volt logic supply affected coherency
because of variations in logic thresholds (and hence, in pulser clock time
position) that occurred when the logic supply voltage was varied.

44



SYNTHESIZER NO. I

SYNTHESIZER NO. 2-a-

VERTICAL = 1 VOLT/CM
HORIZONTAL = 100 pSEC/CM

(a)

SYNTHESIZER NO. 2

SYNTHESIZER NO. 1 12.7 1~E

VERTICAL a 1 VOLT/CN
HOU.ZONTAL a 2 MSEC/04

ASW-625-27 (b)

Figure 31. Synthesizer Output
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SYNTHESIZER NO. 2

SYNTHESIZER NO. 1

VERTICAL SCALE =1 VOLT/rM

ASW-625-29 HORIZONTAL SCALE 2 VSEC/CM

Figure 33. Superimposed Mode II Output
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Figure 34. Biphase Modul at ion
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Figure 35., PN Code Initial Conditions
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(b)

ASW-625-33 (C) so MiHZ

Figure 37. Synthesizer Frequency Spectrum
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As would be expected, the eost significant contribution to incoherency
occurred during the 704149z segments of the frequency hopping sequence and the
least significant contribution occurred during the 404211z segments. This
effect can be seen in the oscillograns of Figures 38 and 39. Figure 38a is an
oscillogran of the phase coheren-cy test set phase error voltage (the signal
measured by the true PRS voltmeter, see Figure 27). The top trace represents
the error voltage produced when synthesizer No. 1 is split into two cop.onents
with one cooponent delaying one radian at 70 MHz as previousl- described. The
bottom trace is the error voltage produced when synthesizer No. 1 is conpared
with synthesizer No. 2. The upper trace shows the variations ir. the dc level
of the error voltage that occur as the synthesizer hops from one frequency to
another. (A O-volt error voltage level would represent a 90-degree phase re-
lationship between test set input signals as the test set double-balanced mixer

takes the cosine of the phase difference between input signals).

Figure 38b is a comparison of error voltages for synthesizer No. 1 com-
pared with synthesizer No. 2, (upper trace), and of synthesizer No. 1 split into
two identical (and theoretically perfectly coherent) components (lower trace).
Figures 38a and 38b were taken in Mode I operation with the same time base and
at the same point within the frequency-hopping sequence and thus, their hori-
zontal axis correspond to the same points in time. Note in Figure 38b that the
portions of the upper and lower traces corresponding to the 70-M-iz segment are
noticably different, while the 40, 50, and 60-MHz segments are nearly identical.

Figure 39 shows the error voltages in Mode II operation. The trace on the
left in Figure 39a shows the superimposed error voltages for the 40, 50, 60, and
70 M1z segments when synthesizer No. 1 was split into two identical components.
The trace on the right of Figure 39a shows the error voltages for synthesizer
No. I split and the one radian phase shift at 70 Mlz installed. The different
error voltage levels for the 40, 50, 60, and 70-41z segments are clearly evident.

Figure 39b shows the error voltages for synthesizer No. 1 split into two
identical components (left trace) and synthesizer No. 1 compared with syn-
thesizer No. 2 (right trace).

As mentioned previously, the one radian (at 70 MHz) phase shift coaxial
cable was used to check the accuracy of the test set and test procedures. It
theoretically should have provided an RPMS phase incoherency of 0.7602 radians
over the 40-=•z hopping bandwidth. In practice, RMS phase incoherences of
about 0.776 radians were measured using the test cable which represents a
difference of about 1 degree from the theoretical and measured values.

Additional testing was performed to determine the effect of temperature
on synthesizer operating characteristics. For these tests, synthesizer No. 1
was placed in an environmental chamber, while synthesizer No. 2 and the coherency

test set were kept in the ambient (25 0 C) laboratory environment.

Synthesizer No. 1 was stabilized at +55 0 C and checks were made of
synchronization circuit performance, signal output amplitude, and coherency.
The output amplitude remained constant and no problems were encountered with
either the pulser clock or PN synchronization circuits. A shift in phase between
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Figure 38. Mode I Coherency Error Signal
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Figure 39. Mode II Coherency Error Signal

53



the l0-4M clocks in synthesizer No. 1 and No. 2 occurred, but this was
cOMzensated by neans of the "'" adjut~int in the synthesizer No. 2 phase
lock loop circuit. The Variation in phase coherency between the IO-N=•
clocks had been expected, because no attesrpt at tenerature compensation was
included in the l0-Mz clock synchronization circuitry, design.

The measurrements of phase incoherency between synthesizers indicated
an incoherency of about 21 degrees R!4S in Mode i operation and 22.5 degrees
RMS in Mode Ii operation. This represented an average degradation of about
4.5 degrees PRS relative to the values of coherency obtained when both
synthesizers were at azbient temperature. Ba.ed on the temperature coefficient
of ST-Quartz and the operating characteristics of the synthesizers and coher-
ency test set, the value of coherency degradation expected (due strictly to
the 30 C temperature difference between synthesizers) was calculated to be
approximately 3.7 degrees PRlS.

Synthesizer Nc. 1 was then stabilized at 00C and checks were again made
of synchronization, output amplitude, and coherency. No problems were
encountered with the synchronization circuitry (except for a readjustment
of the relative phase of the 10-4z clocks), and the output amplitude remained
constant. The measurement of phase coherency between synthesizers indicated
a degradation of about 1.5 degrees RIMS in Modes I and II relative to the
values obtained at ambient. This result corresponded reasonably well to a
calculated degradation of 2.6 degrees RMS based upon a 250C difference in temp-
erature between synthesizers. The differences between measured and calculated
coherenc; degradation are most likely due to the degree of measurement error

possible with the phase coherency test set.

The conclusions drawn from the temperature tests were that (at least
between O°C and +55 0 C) the phase coherency between synthesizers was not
seriously degraded and that the majority of the degradation was the result
of the temperature difference between the surface wave devices.

3. COMPONENT FAILURES

During the course of system integration and testing, both synthesizers
accumulated a considerable amount of operating time (a conservative estimate
is 400 hours). During this time, the only component failure noted was the
silver epoxy bonds used to fasten gold wires to the metalized pads of the
surface wave device input and output transducers. In several instances, it
was noted that a surface wave device output signal would become distorted
and/or low in amplitude. In each case, the problem resulted from a high-
ohmic resistance between the gold wire and the transducer metalization.
Apparently, some type of oxidation process occurred which prevented a satis-
fac-3ry electrical contact between the silver particles contained in the
silver-epoxy adhesive and the gold wire or transducer metalization. In each
case, the problem was solved by passing a small electric current through the
epoxy bond by placing one probe of an ohmmeter on the gold wire and the
other probe on the transducer pad metalization and switching to the high-
resistance scale of the ohmmeter (a Simpson model 260 was used). Apparently,
the ensuing flow of current would destroy the oxidation because in all cases,
a low-ohmic resistance would then be achieved. This problem occurred in three
separate SWTDL epoxy bonds during the course of system fabrication, but once
corrected, no additional problems appeared.
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SEC•!ON VII

RIME KGRK ýAD RMQ MATIOuS

1. F1FFURE KfORK

* Based upon the results achieved to date on synthesizer pe.rforaance, it
has been decided to expand the capabilities of one of the synthesizers such
-that it will Produce a coherent frequency-hopped waveforn of 100-.42z band-
width. The modified synthesizer will enaloy seven surface wave devices and
will generate a waveforn covering a frequency range f-ron 35 MIz to 135 %!-z.
This synthesizer will have the capability of phase shift key modulating the
waveforn with binary data at either 2249 bits/second or at 10 rlegabits/
second. In addition, the synthesizer will have the capability of producing
a 1004fliz Pseudo-randonly hopped waveform or a sequentially hopped waveform
whose bandwidth can be varied from 10 MQz to 100 NIHz in seven increments.

Associated with the modified synthesizer will be a data synchronizer that
will be capable of dehopping the synthesizer output waveform, matched filter
detecting the dehopped pseudo-noise signal, demodulating the signal and recort-
structing the 2249-bit/second (or 10 megabits/second) information orginated
at the synthesizer. The data synchronizer will employ surface wave devices
as parallel correlating matched filters and a surface wave device re-entry
delay line for coherent predetection integration when in the 2249-bit/second
data mode. The data synchronizer will also employ a surface wave device
local oscillator injection synthesizer to translate the incoming frequency-hopped
signal to a common processing signal frequency.

2. RECOMMENDATIONS

The 40-4Hz bandwidth FI/PN synthesizer development described in this report
demonstrates the feasibility of employing surface wave devices for coherent
FH/PN waveform generation. In the context of the equipment performance achieved
to date, certain recommendations can be made regarding future development efforts
on these specific (40-MHz bandwidth) equipments.

a. Filtering

Bandpass filtering to restrict tile spectrum occupancy of each indivi-
dual SWTDL can be incorporated into the S1'TDL transducer design. This
is an important and necessary requirement of a FH/PN synthesizer (no
matter how implemented) intended for use in a wideband communications
system operating in a multiuser environment. Bandpass filtering with
surface wave devices is a natural application of their characteri-tics
and much development work has been performed recently both by Magnavox
and other surface wave technology houses.

b. Offset Quadriphase Modulation

Thie use of offset quadriphase modulation of the synthesizer wavcform
should be considered in view of the reduced spectrum splatter it can
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provide in a practical FH/P.N aultiuser system. (A discussion of
spectrua splatter in relation to various shift key rodulation
techniques is presented in Appendix B.) As pointed out in Appen-
dix B, the effect of co-aunications channel nonlinearities
can restore the spectrum splatter in pretransnission filtered
biphase and conventional quadriphase L-dulated signals. Offset
quadriphase modulation can reduce this effect and can be inple-
=ented in the desi',n of the SbTDL transducers.

c. Code Diversity

A criticism occasionally raised regarding the use of surface wave
devices for the generation of PN modulated waveforms is the lack of
PN code diversity provided, since the PN code generating surface wave
device patterns are normally fixed. This is not necessarily true,
however, since recent developments in the technology demonstrate
that programmable tap surface wave devices are feasible and in fact
have been built. If the need for programmable tap devices truly be-
comes a system requirement in a practical application, the techno-
logy required to provide this versatility exists and can be applied.

d. Multifunction Sh-TDL's

The four SWTDL signal generators used in each synthesizer were fabri-

cated on separate quartz substrates. This was done mainly for con-
venience since the synthesizers were a breadboard development. In a
more practical application, the four SIVTDL's coulu be fabricated on
a common SWTDL substrate thus affording a significant savings in
space. If this were done, it is possible that the four output trans-
ducers could be summed on the SWTDL substrate, thus eliminating the
need for the power combiner required in the present design. The
bandpass filtering, offset quadriphase modulation and switchable tap
devices previously described could, of course, also be incorporated
at the same time.

e. Synthesizer Logic

The digital logic used in the synthesizer breadboards is composed
entirely of discrete dual in-line TTL devices. A large portion of
this logic could have been implemented using a low-speed, low-power
consumption logic type such as COSMOS. TTL is a high-speed logic
family and needs only to be used in specific portions of the syn-
thesizers, such as in the SIVTDL pulser circuits and the higher operat-
ing speed portions of the frequency-divider circuits. In addition
to the use of a lowe- speed logic family, the majority of the logic
could be fabricated using medium or large-scale integration in order
to significantly reduce the amount of physical volume and interdevice
wiring required.
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APPENDIX A

M1THEMATICAL ANALYSIS OF PHASE COHERENCY MEASUREMENT

This analysis is based on the phase coherency test setups de-
scribed in Section V of this report.

Let the output from Synthesizer No. 1 after passing through a
perfect limiter/filter be given by:

El(t) = A(t) cos (wt)

Let the output from Synthesizer No. 2 after passing through a
perfect limiter/filter be given by the following equation.

E2 (t) - A(t) cos (wt + a(t))

where: A(t) = the amplitude of each synthesizer output after limiting.
A(t) has a constant magnitude JAI and a polarity deter-
mined by the phase reversals of the SW1'DL maximal length
sequence codes. Consequently, A(t) = ±IA.

w = the radian frequency of each synthesizer outp,.

4(t) = the instantaneous phase difference between Synthesizer
No. 1 and Synthesizer No. 2 outputs. Note that ý(t) is
comprised of two components: A deterministic component
resultL from variations between corresponding surface wave
tapped delay lines in each synthesizer and by differences
in the RF pulsers and other RF portions of the two synthe-
sizers. A random component results from the effect of the
thermal noise associated with each synthesizer output.

A perfect limiter is assumed -- a limiter that produces a
constant amplitude output signal regardless of the ampli-
tude or frequency of the input signal. Measurements of
synthesizer performance utilizing practical limiters is
discussed latei in this appendix.

The synthesizer outputs EI(t) and E2 (t) are multiplied in a
d3uble balanced mixer and produce a resultant output voltage E0(t)

where

E0 (t) = K A(t) ccs (wt)A(t) cos (wt + ý(t))
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E0 (t) can also be written as

E K(t) = A (t) [cos (2wt + 0(t)) + cos (O(t))]

K = the gain of the mixer in volts/(volt) 2 .

The mixer output E0 (t) is fed through a lowpass filter with
cutoff frequency 'c . Since the highest output frequency of the synthe-
sizer is centered at 70 Mbz and will have significant spectral components
extending to 75 MHz, the filter will cutoff at approximately 75 MHz.

The output of the lowpass filter, E 0(t) , is then

K A2 (t) [cos (M(t))]

0 2

E0 I(t) is a measure of the instantaneous phase difference between Syn-

thesizers No. 1 and No. 2. The signal Eo'(t) is fed to a true rms
voltmeter which measures the true rms value of

K A (t) [cos (W(t))]
2

Note that

A2(t) = [±IAI] 2 = A2

Therefore,
-K A2

E0'I(t) - K2 A [Cos WWI))

Cos (p(t)) can be expressed by the series expansion
cos (p(t)) = 1 - p2(t) + 04 (t) (-12N2(t)\

2! 4! 2

N = 0, 1, 2, ... , p(t) in radians.

For small 4(t), the series can be truncated to

cos 4(t) 02(t) + 04(t)
2!ý-1 4!

Hence, E0 '(t) can be expressed as

P2(t) 4 (t)E0(t) -= K A2 @2(t + (

A-2
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Some mathematical manipulation of the preceding equation results
in the following

22 t(t) 2 A0 = E "(t) = 1 2 (t)
K A2  4!

4 2(t
4(t) 2(t) I E
41 2! 0

1- (t) = 0

ý4(t) - 12ý 2 (t) + 24[l - Eo"(t)] = 0

Let z(t) = 0 2 (t) , then the preceding equation becomes

z 2 (t) 12 z(t) + 24[l - Eo"(t)] = 0

Applying the quadratic formula to the preceding equation results in

"z(t) = 6 -V36 - 24(1 - Eo"(t))

Hence,

p(t) =Nxz(t) = 6 -V36 24(l E 1(t) radians
0

Now

2E '(t)
0-Eo"(tI - ___

U K A2

and the true rms voltmeter measures E0 'rms. But

2E0 ' rms

E 0'rms = 0
K A2

Since the input signals to the mixer are A(t) cos (wt) and
ý(t) cos (wt + 0(t)) , their rms values are

A A
rms

But

A2  A2

rms 2

A-3



Therefore,
E 0 rrms
K A2rms

and

r1s =2 - 6 - 2421 - 2radians.L K A~rms]

If the output from one synthesizer is :,plit into two equal ampli-
tude phase coherent components in a wideband power splitter, and the two
components are limited, filtered, and fed to the mixer, the resultant
voltage indicated on the true rms voltmeter can be used as a calibration
voltage for the system. The resultant voltage, Eo'rms (max), represents
an rms phase angle ý(rms) of zero, since the two components are phase
coherent. E 'rms (max) equals K A2rms , since for p(rms) = 0 the term

E0 'rms

K A rms

in the equation for 4(rms) must equal unity. Therefore, ý(rms) can be

written as

p(rms) - 36 -24 1 - E 0'rms J radians

The analysis used to derive the analytical expression for
4(rms) assumed the use of perfect limiters in making the measurements
of E0

1 rms (max) and E0 'rms. In practice, perfect limiter performa.ace

is not obtained and allowances must be made for this non-perfect limiter
opeiation. These allowances involve a minor modification of the expres-
sion for synthesizer phase coherency, 4(rms) , and may be derive& as
follows.

The calibration signal or reference reading E0 'rms (max) can be
expressed as

E0
t rms (max) = A B K cos l(t)

where

A, and B = the amplitudes of the imperfectly limited signals fed
to the double balanced mixer in the phase coherency
test circuit (rms values)

1 A-4



K = the mixer gain constant

01 (t) = the phase difference between mixer input signals.

Likewise, E0 'Irms is given by

E 0rms = A2 B 2K cos 02(t)

where

A2 and B2 = the mixer input signal amplitudes (rms values)

2(t) = the phase difference between mixer input signals.

Note that for the reference reading E0 'rms (max) the phase
difference between mixer input signals is zero, hence 01 (t) = 0 . For
the measurement of E0 trms , however, 02 (t) represents the phase differ-
ence (i.e., the measure of coherency) between synthesizers. By dividing
E'rms by E0'rms (max) , we obtain the relationship

E 0'_rms A 2 B 2 K cos p2 (t) A2 B2 cos 02 (t)

E0'rms (max) AIB1K cos t) A3

since c 1 (t) = 0

Therefore

E E0'rms ]AI1BI

Cos ý 2 (t) [E 0 'S (maR [AB

If we expand Cos 0 2 (t) in a power series and solve for 0 2 as

was done before for the case of perfect limiter operation, we obtain an
expression for P(rms) as

S/T [ /AIBI 1  E0 'rms \] radians
ý(rms) ='\j6 - 36 - 24 1 2 A2 B2 E)0'rms (max)'J

A comparison of this equation with the previously derived equa-
tion for p(rms) reveals that it is identical in form but contains the
correction factor (A B )/(A 2 B2 ) which accounts for non-perfect limiter

operation. Note that if the limiter operation were perfect,
AB1

A2B2

and the equation reduces to the previously derived equation for ý(rms)
assuming perfect limiter operation.
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APPENDIX B

SPECTRUM SPLATTER FROM PHASE SHIFT KEY MODULATION

practical application of the frequency-hopping concept to a communica-
tions sysem is a 'configuration where a large number of users require simul-

taneous use of the communications channel. To make such a system efficient
in terms of bandwidth, requires that each frequency slot within, the' channel
bafidwidth is used at all times. Thus, a possible system configuration might
be one where. the N slots available are occupied by transmissions from N users.

The frequency slot assignments of the N users are permuted in a manner such that
no more than one~user occupies the same frequency slot at the same time, i.e•,
the frequency-hopping sequences of the N users are orthogonal. (Time division
multiplex could be employed, in addition to the'frequency aivision multiplex-
ing to allow more than N system users). The orthogonality of frequency slot
assignments is the key to the previously mentioned systems multiuser capabi-
lity and therefore, the effects df spectrum splatter within'the channel is
important.

The biphase PN modulation contained on the output waveform of the syn-
thesizers described in this report causes each frequency burst to have a

spectrum cbntered about the ýarticular'burst center frequency.'

Energy from any one burst splatters 'over the entire operating bandwidth of
the synthesizer. This ýpectrum splatter could cause cochannel interference
in an otherwise Oerfectly coordinated time and frequency orthogonal system.
This is especially troublesome when the system must operate with multiuser
signals whose strengths vary over a large dynamic range.

th Fhanlteisg of the nolnercane:vi xnt hn .! spectrim of each frequency burst prior to

transmission is effective in reducing the effect of spectrum splatter if
tha channel is linear. However, in'the nonlinear channel-environment, the

out-of-band power in the filtered spectrum is restored (this is the

practical situation when one considers the use of typical high power transmit-
ters, limit(es in satellite or airborne repeaters, etc.). If hard limiting is

encountered, the original sinx 2 spectrum is totally restored for biphase

modulation and is essentially restored for normal quadriphase modulation.

There is a technique using quadriphase modulation, however, that con-
siderably reduces the degree to which the out-of-band power is restored by
hard limiting. The technique employs independent biphase modulations on the
sine and cosine components'offset from one another by half ti bit. Therefore,
only ± 7/2 transitions can occur. Since the modulations on the quadrature
components are independent, the resulting spectrum before filtering has the
power spectral density of biphase modulation at the actual symbol rate. Mhen
the normal biphase modulation is filtered, the amplitude of the signal goes
through zero when a transition of Tr degrees is made. With the technique just
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described, however, the amplitude of the signal never reduces to a level below
-0.707 times the full envelope amplitude and, thus, subsequent effects of
limiting are reduced.

The specific levels of out-of-band spectrum occupancy produced by this
system have been evaluated by digital computation. The results are summarized
for one particular case in Figure B-i. These results are quite striking. At
a frequency which is eight times the bit rate, the filtered and hard limited

signal using this offset technique is 80 dB below the ýj11 x) spectrum.

This simple technique, therefore, is very powerful in suppressing out-of-band
spectral noise and should be considered for use to reducu spectrum splatter
in a frequency-hopping system.
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Figure B-i. Spectrum Splatter for Offset Quadriphase Modulation
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